1. Introduction {#sec1-plants-09-00596}
===============

Wheat was one of the first cereals to be domesticated, and it provides essential nutrition to more than one third of the population worldwide. The annual demand for cereals has been on the rise for many years now, necessitating a 60% increase in wheat production to meet global food and fiber needs by the year 2050 \[[@B1-plants-09-00596],[@B2-plants-09-00596]\]. However, achieving this goal involves great challenges exacerbated by climate change, which causes significant water deficits and abnormally high temperatures, and increased drought severity as a result \[[@B3-plants-09-00596]\]. Drought is one of the most important environmental stresses leading to low yield and quality of wheat \[[@B4-plants-09-00596]\].

Phenotyping for drought-stress tolerance is notoriously variable depending on its time of occurrence during the crop cycle, severity and duration, and co-occurrence with other environmental stress factors such as high or low temperatures. Understanding the overall physiobiochemical coping mechanisms of plants and incorporating genetic markers into breeding planning will help to better design parental line selection \[[@B5-plants-09-00596],[@B6-plants-09-00596],[@B7-plants-09-00596]\].

Plants respond to water stress through various morphological and physiochemical adjustments. Roots are the first plant organs that perceive water-deficit signals, followed by initiation of a cascade of gene expression responses leading to stress tolerance \[[@B8-plants-09-00596],[@B9-plants-09-00596]\]. Deep rooting is the widely accepted trait for drought resistance improvement, since it helps to extract water stored in deep soil profiles \[[@B10-plants-09-00596],[@B11-plants-09-00596]\]. Studies have shown that deeper root systems improve water uptake and yield performance of various crops under drought-stress conditions \[[@B10-plants-09-00596],[@B11-plants-09-00596],[@B12-plants-09-00596]\]. Polyploid species often display more vigorous growth than their progenitor species \[[@B13-plants-09-00596]\]. In addition, species with higher states of ploidy often possess better abiotic-stress tolerance than their progenitors \[[@B14-plants-09-00596]\]. Mechanisms of increased abiotic-stress tolerance in polyploid species may involve polyploidy-contributed heterosis and expression dosage due to increased gene copy number \[[@B15-plants-09-00596]\]. However, the actual physiochemical changes that enable water-stress resistance remain a poorly understood area in wheat genetics and breeding. Water-limiting environments trigger various transcriptional, physiological, and developmental changes in plants. Profiling differential gene expression of genotypes at different levels of water availability gives insight regarding which genes are instrumental in response to water stress.

High-throughput transcriptome sequencing is a powerful tool for gene expression analysis. Recent studies detected water-stress-responsive genes in wheat using comparative transcriptome profiling \[[@B16-plants-09-00596],[@B17-plants-09-00596],[@B18-plants-09-00596],[@B19-plants-09-00596]\]. The present study evaluated the transcriptome profiles of the two contrasting genotypes, Colotana 296-52 (Colotana) and Tincurrin, for root length under water stress. Colotana was among the genotypes with longer roots, while Tincurrin grew shorter roots under mild to severe water stress \[[@B20-plants-09-00596],[@B21-plants-09-00596]\]. One study reported that abiotic stress treatments such as cold, dark, and water submersion altered homoeologous gene expression in allopolyploid cotton (*Gossypium hirsutum*) \[[@B22-plants-09-00596]\]. The objective of this research was to detect root-growth-responsive genes under water-stressed conditions that drive the phenotypic variation observed between the two genotypes, and to determine how homoeologous gene expression patterns change in response to abiotic stress conditions.

2. Results {#sec2-plants-09-00596}
==========

2.1. RNA-Seq Analysis of Colotana and Tincurrin Roots under Water Stress {#sec2dot1-plants-09-00596}
------------------------------------------------------------------------

Relative changes in transcriptomic profiles of Colotana and Tincurrin genotypes were evaluated under a no-treatment (control) condition and a polyethylene glycol (PEG)-induced water-stress condition. The RNA-seq data from Colotana under the control condition (Colotana.con) and PEG-induced water-stress condition (Colotana.PEG), Tincurrin under control condition (Tincurrin.con) and PEG-induced water-stress condition (Tincurrin.PEG) generated a total of 432 million paired-end reads. Removal of low-quality reads resulted in total 398 million clean reads. An average of 84.93% of clean reads mapped to the wheat reference genome using the Tophat2 tool in both genotypes ([Supplementary Table S1](#app1-plants-09-00596){ref-type="app"}). Pearson's correlation ([Supplementary Figure S1A](#app1-plants-09-00596){ref-type="app"}) and PCA plots ([Supplementary Figure S1B](#app1-plants-09-00596){ref-type="app"}) showed a high correlation among the replicates in each genotype.

To identify differentially expressed genes (DEGs) responsive to water stress, we performed differential expression analysis between the water-stress and control conditions' RNA-seq data. Our results showed that 16,452 and 18,595 DEGs were identified in Colotana.PEG vs. Colotana.con ([Supplementary Table S2](#app1-plants-09-00596){ref-type="app"}) and Tincurrin.PEG vs. Tincurrin.con ([Supplementary Table S3](#app1-plants-09-00596){ref-type="app"}) comparisons, respectively. In Colotana.PEG vs. Colotana.con, 7173 genes were upregulated, while in Tincurrin.PEG vs. Tincurrin.con, 9109 genes were upregulated. Among the upregulated genes, 3692 and 5628 were specifically upregulated in Colotana.PEG vs. Colotana.con and Tincurrin.PEG vs. Tincurrin.con, respectively ([Figure 1](#plants-09-00596-f001){ref-type="fig"}A). The number of downregulated genes was 9279 in Colotana.PEG vs. Colotana.con and 9486 in Tincurrin.PEG vs. Tincurrin.con. Among the downregulated genes, 4837 and 5044 were specifically downregulated in Colotana.PEG vs. Colotana.con and Tincurrin.PEG vs. Tincurrin.con, respectively ([Figure 1](#plants-09-00596-f001){ref-type="fig"}B).

2.2. Validation of Gene Expression by qRT-PCR {#sec2dot2-plants-09-00596}
---------------------------------------------

To validate the results of RNA-seq analysis, qRT-PCR was conducted on six randomly selected DEGs (*TraesCS3B01G323500*: *sulfate transporter*; *TraesCS4D01G206600*: *70 kDa heat shock protein*; *TraesCS6D01G241700*: *hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase*; *TraesCS7D01G355800*: *receptor-kinase*; *TraesCS7B01G024300*: *transmembrane protein*; *TraesCS2D01G566700*: *germin-like protein*) and compared with the results obtained from RNA-seq analysis ([Figure 2](#plants-09-00596-f002){ref-type="fig"} and [Supplementary Table S4](#app1-plants-09-00596){ref-type="app"}). The relative expression levels of these genes from both qRT-PCR and RNA-seq analysis were generally consistent, thus validating the RNA-seq data. Differences observed in fold changes measured by RNA-seq and qRT-PCR were consistent with previous studies \[[@B19-plants-09-00596]\].

2.3. Functional Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis {#sec2dot3-plants-09-00596}
-----------------------------------------------------------------------------------------------------------------

To investigate the involvement of possible biological processes or pathways in water-stress response of the two genotypes, we performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses for specifically up- and downregulated genes in Colotana.PEG vs. Colotana.con and Tincurrin.PEG vs. Tincurrin.con comparisons. Among 3692 upregulated genes in Colotana, the top three highly enriched GO terms were generation of precursor metabolites and energy (GO:0006091), oxidative phosphorylation (GO:0006119), and oxidation reduction (GO:0055114), shown in [Supplementary Table S5](#app1-plants-09-00596){ref-type="app"}. The top three highly enriched GO categories in downregulated genes in Colotana were related to protein amino acid phosphorylation (GO:0006468), phosphorylation (GO:0016310), and phosphorus metabolic process (GO:0006793). The 5628 upregulated genes in Tincurrin showed overrepresentation of GO terms including protein amino acid phosphorylation (GO:0006468), phosphorylation (GO:0016310), and post-translational protein modification (GO:0043687). Cell wall organization or biogenesis (GO:0071554), response to oxidative stress (GO:0006979), and cellular polysaccharide metabolic process (GO:0044264) were the top three highly significant GO categories of downregulated genes in Tincurrin genotype.

KEGG pathway enrichment analysis showed that among upregulated genes in Colotana, the top three highly significant pathways (based on adjusted *p*-value) were involved in oxidative phosphorylation (118 genes), metabolic pathways (404 genes), and glutathione metabolism (51 genes) ([Supplementary Table S6](#app1-plants-09-00596){ref-type="app"}). Only two pathways, plant--pathogen interaction (57 genes) and plant hormone signal transduction (60 genes), were significant among downregulated genes in Colotana. For upregulated genes in Tincurrin, the highly enriched pathways were plant--pathogen interaction (67 genes), glutathione metabolism (37 genes), and plant hormone signal transduction (56 genes). Among downregulated genes in Tincurrin, the top three highly significant pathways were related to biosynthesis of secondary metabolites (263 genes), phenylpropanoid biosynthesis (71 genes), and metabolic pathways (368 genes).

The enriched GO terms and KEGG pathways among specifically upregulated genes in Colotana (3692 genes) were mainly related to biosynthesis of metabolites and energy production, which are required for root growth; therefore, we focused on those genes to detect the corresponding candidate genes. Moreover, a BLASTP search for sequences with homology to wheat (*Triticum aestivum*), *Arabidopsis thaliana*, and rice (*Oryza sativa*) was performed, and only the top hit was selected in order to choose candidate genes related to root elongation and lateral root development under abiotic stress conditions.

2.4. Upregulated Genes in Colotana Related to Root Growth under Abiotic Stress {#sec2dot4-plants-09-00596}
------------------------------------------------------------------------------

Transcription factors (TFs) have regulatory roles in gene expression in response to physiological and environmental signals. The identified genes encoding TFs, including MYB (e.g., TraesCS1D01G275400), No apical meristem (NAM) protein (NAC, e.g., TraesCS3A01G406000), WRKY (e.g., TraesCS3B01G375200), basic helix-loop-helix (bHLH, e.g., TraesCS6B01G411300), and APETALA2/Ethylene-Responsive Factor (AP2, e.g., TraesCS2A01G288000), were upregulated only in Colotana under the water-stress condition ([Supplementary Table S3](#app1-plants-09-00596){ref-type="app"}). Late-embryogenesis-abundant (LEA) proteins are widely assumed to play critical roles in cellular dehydration tolerance \[[@B23-plants-09-00596]\]. Two DEGs encoded LEA proteins (e.g., TraesCS4D01G177500) among overexpressed genes in the Colotana genotype. Furthermore, pyrroline-5-carboxylate reductase (P5CR) is the rate-limiting enzyme in the proline (Pro) biosynthesis process \[[@B24-plants-09-00596]\], and one gene encoding P5CR (TraesCS3B01G538100) showed increased expression in the Colotana genotype.

2.5. Identified Variants in Transcriptome of the Two Genotypes {#sec2dot5-plants-09-00596}
--------------------------------------------------------------

We compared the transcriptome sequences of Colotana and Tincurrin with the wheat reference genome assembly (Chinese Spring) to investigate the polymorphic sites between the two genotypes. After additional filtration of low-ranked (mostly without impact on protein function) and modifier variants (usually non-coding), a total of 15,207 SNPs (moderate- and high-impact) and Indels (high impact) was detected between Colotana and Tincurrin genotypes by mapping to the Chinese Spring genome. The identified variants may influence the protein functions and resulting different root lengths between the two genotypes under water stress condition ([Supplementary Table S7](#app1-plants-09-00596){ref-type="app"}). The most frequent term was missense variant, which varied from 9942 in Colotana and 4520 in Tincurrin genotypes ([Table 1](#plants-09-00596-t001){ref-type="table"} and [Supplementary Table S7](#app1-plants-09-00596){ref-type="app"}). Furthermore, among upregulated genes in Colotana, we detected one potential candidate gene *TraesCS2A01G102000* encoding NAC TF, harboring one missense variant, which may influence the drastic root length of Colotana under water stress condition.

2.6. Bias of up- and Downregulated Homoeologous Genes in Response to Water Stress between Genotypes {#sec2dot6-plants-09-00596}
---------------------------------------------------------------------------------------------------

Bread wheat is an allohexaploid containing three closely related subgenomes (A, B, and D), and which shows improved tolerance to abiotic stress relative to diploid and tetraploid wheat \[[@B25-plants-09-00596]\]. Although the underlying mechanisms are largely unknown, the coordinated expression of homoeologs in response to environmental stresses may play a critical role \[[@B1-plants-09-00596]\]. To unravel the different contribution of homoeologous genes in plants subjected to water stress, we compared the relative expression patterns of DEGs among 18,407 homoeologous gene loci that had exactly one representative member from each subgenome (referred to as homoeologous triads; 18,407 × 3 = 55,221 genes) in Colotana and Tincurrin under the water-stress condition and control condition, based on adjusted *p*-value (padj) \< 0.05 and expression level (\|log2 fold change\| ≥ 2) criteria ([Figure 3](#plants-09-00596-f003){ref-type="fig"}, [Supplementary Table S8A,B](#app1-plants-09-00596){ref-type="app"}). Among 18,407 triads, 4717 (25.6%) and 5426 (29.4%) exhibited differential expression of at least one homoeolog in response to water stress in Colotana and Tincurrin, respectively. Specifically, 306 (373) A-homoeologs, 299 (338) B-homoeologs, and 322 (367) D-homoeologs were upregulated (downregulated) in Colotana after a 6 h PEG treatment, whereas the corresponding numbers for Tincurrin were 343 (429) for A-homoeologs, 387 (347) for B-homoeologs, and 358 (409) for D-homoeologs, respectively.

2.7. Various Expression Patterns of Homoeologous Genes under Water Stress in Two Genotypes {#sec2dot7-plants-09-00596}
------------------------------------------------------------------------------------------

TFs regulate signal transduction and gene expression patterns that probably function in the response to water stress. We identified various TFs ([Supplementary Table S2](#app1-plants-09-00596){ref-type="app"}) that may function in regulating some water-stress-responsive genes. Several TFs were characterized as upregulated under osmotic stress in other plants. Four TFs were selected as upregulated genes in Colotana (e.g., TraesCS6A01G057400: NAC TF; e.g., TraesCS7D01G540700: MYB TF; TraesCS7D01G497400: WRKY TF; TraesCS7D01G171300: bZIP domain TF) and expression of their homoeologs (Triads 38,844, 11,324, 36,947, and 18,955, respectively) were investigated between the two genotypes ([Figure 4](#plants-09-00596-f004){ref-type="fig"}). An upregulated gene encoding detoxification enzyme (e.g., TraesCS3B01G471500: glutathione S-transferase) and the corresponding homoeolog (Triad 38,635) was also investigated between the two genotypes ([Figure 4](#plants-09-00596-f004){ref-type="fig"}). The A-homoeolog of Triad 38,844, along with the A- and B-homoeologs of Triad 38,635, exhibited higher expression patterns in Colotana relative to those in Tincurrin. The expression levels of the three homoeologs of Triad 11,324 were all significantly upregulated in Colotana, but showed no expression in Tincurrin. Interestingly, Triad 11,324 is annotated as TaMYB32 in wheat, and its overexpression enhanced the salt tolerance in transgenic *A. thaliana* plants \[[@B26-plants-09-00596]\]. The D-homoeolog of Triads 36,947 and 18,955 were specifically upregulated in Colotana, but exhibited no expression in Tincurrin. Moreover, Triad 36,947, annotated as WRKY79 in wheat, enhances salinity tolerance in transgenic *A. thaliana* in an ABA-dependent pathway \[[@B27-plants-09-00596]\].

2.8. Divergent Expression of Homoeologous Genes in Response to Abiotic Stress {#sec2dot8-plants-09-00596}
-----------------------------------------------------------------------------

It is hypothesized that a gene that is responsive to certain stress may show differences in homoeologous gene expression in response to those conditions. To determine whether abiotic stress affects homoeologous gene expression, the homoeologs of five triads (Triads 38,844, 11,324, 36,947, 18,955, and 38,635) were examined under water, high-salinity, heat, and cold stresses through qRT-PCR analysis using homoeolog-specific primers that were validated via nullisomic--tetrasomic line detection ([Figure 5](#plants-09-00596-f005){ref-type="fig"}). To ensure whether high-salinity, heat, and cold stresses were conducted properly, we used stress-specific index genes, which were reported previously ([Supplementary Figure S2](#app1-plants-09-00596){ref-type="app"}) \[[@B28-plants-09-00596],[@B29-plants-09-00596],[@B30-plants-09-00596]\]. Nullisomic--tetrasomic line detection indicated that our primers were homoeolog-specific and stress index genes showed that stress treatments were conducted properly. The expression patterns of homoeologs resulting from the qRT-PCR analysis under the water-stress condition was consistent with the observation made based on RNA-seq data ([Figure 4](#plants-09-00596-f004){ref-type="fig"} and [Figure 5](#plants-09-00596-f005){ref-type="fig"}). Interestingly, homoeologous genes showed stress-specific patterns. For example, the D-homoeolog of Triad 36,947 was significantly induced by the water-stress condition in the Colotana genotype, while the A and B homoeologs exhibited no expression in all samples. The expression levels of the A and D homoeologs of Triad 38,635 were low in all stress treatments in both genotypes, but the B homoeolog was significantly upregulated under all stress treatments in both genotypes. Interestingly, the B homoeolog of Triad 38,844 was downregulated by high-salinity stress while it was upregulated by heat and cold stresses in both genotypes. Similarly, the expression of the D homoeolog of Triad 11,324 was downregulated by high-salinity stress, while its abundance was induced by water, heat, and cold stresses in the Colotana genotype. We could not acquire the gene expression data for the B homoeolog of Triad 11,324 (*TraesCS7B01G478200*), even though we used five primer sets. The reason is considered to the low expression level of the corresponding gene in the Colotana genotype. The A homoeolog of Triad 18,955 exhibited upregulation after high-salinity stress in both genotypes, while its B and D homoeologs were specifically upregulated in the Colotana genotype by heat and water stresses, respectively.

3. Discussion {#sec3-plants-09-00596}
=============

Roots play a critical role in water and mineral acquisition, as well as being the first organs that perceive moisture deficit in the soil. Previously, it was reported that drought-tolerant genotypes had longer roots and more lateral roots in order to absorb soil water efficiently \[[@B17-plants-09-00596],[@B31-plants-09-00596]\]. Our previous studies showed that Colotana had longer roots than the susceptible Tincurrin under water-stress conditions \[[@B20-plants-09-00596],[@B21-plants-09-00596]\], which could assist plants with the Colotana genotype to take up more water from a drying soil's deeper layers. Transcriptomic approaches can contribute to deciphering differential gene expression between contrasting varieties/genotypes and be used to detect genetic variants such as SNPs and Indels. In recent years, comparative transcriptome studies have been used to discover candidate genes for various types of abiotic stress tolerance in rice \[[@B32-plants-09-00596]\] and barley \[[@B33-plants-09-00596]\]. In order to further explore the mechanisms of wheat tolerance against water deficits at the molecular level, the early transcriptomic response of drought-tolerant Colotana and drought-susceptible Tincurrin genotypes were evaluated. Clearly, there were distinct differences in the transcriptome levels between the two genotypes in their responses to water stress.

3.1. Candidate Genes Involved in Root Development under Abiotic Stress {#sec3dot1-plants-09-00596}
----------------------------------------------------------------------

TFs regulate gene expression in response to environmental and physiological signals \[[@B4-plants-09-00596]\]. Germination and root length assays of transgenic *A. thaliana* seedlings overexpressing wheat TaNAC29 TF exhibited enhanced tolerances to high-salinity and dehydration stresses. Moreover, it was demonstrated that TaNAC29 participated in the ABA-mediated pathway, and activated antioxidant enzymes to improve plant tolerance \[[@B34-plants-09-00596]\]. The ectopic expression of TaWRKY1 and TaWRKY33 activated several stress-related downstream genes, increased germination rates, and promoted root growth in *A. thaliana* under various abiotic stresses \[[@B35-plants-09-00596]\]. The salt-inducible TaMYB32, TaMYB73, and TaWRKY79 enhanced root length and salt-stress tolerance in *A. thaliana* seedlings \[[@B26-plants-09-00596],[@B27-plants-09-00596],[@B36-plants-09-00596]\]. Rice seedlings overexpressing OsNAC6 TF showed increased root number, root diameter with large aerenchymal cells and enhanced drought tolerance \[[@B37-plants-09-00596]\]. Studies have shown that TabHLH39 can improve the stress resistance of *A. thaliana* transgenic plants by increasing the content of soluble sugar and Pro and lowering the level of electrolyte leakage compared with wild-type plants under drought and salt-stress treatments \[[@B38-plants-09-00596]\]. Discovering stress-responsive genes is crucial for breeding stress-tolerant wheat plants through transgenic approaches. In this work, water-stress-induced TFs were identified in wheat, and their homologous gene functions under abiotic stresses in *A. thaliana* and rice (*O. sativa*) were reported. Based on the performance of transgenic plants, it was proposed that overexpression of TFs led to improved abiotic-stress tolerance through an integrated effect of the regulation of stress-responsive genes and changes in some physiological traits that were triggered. Therefore, we can hypothesize that the upregulated TFs in Colotana may contribute to the enhanced root length and water-stress tolerance of this genotype.

Higher plants accumulate free Pro under osmotic stress, and P5CR is the last enzyme in the cascade for Pro synthesis \[[@B39-plants-09-00596]\]. In our study, we identified the *P5CR* gene among the overrepresented GO terms, and found KEGG pathways such as proline metabolic process (GO:0006560), proline biosynthetic process (GO:0006561), biosynthesis of secondary metabolites, and biosynthesis of amino acids pathways in upregulated genes in the Colotana genotype ([Supplementary Tables S5 and S6](#app1-plants-09-00596){ref-type="app"}). Studies showed that transgenic *A. thaliana* plants overexpressing the *TaP5CR* gene can enhance root growth under salt stress, increase Pro content, and decrease MDA content under NaCl, PEG, and ABA stress treatments \[[@B39-plants-09-00596]\]. The higher expression pattern of *P5CR* is reported to be consistent with the function of Pro as an energy, nitrogen, and carbon source and as an osmoticum in response to dehydration stress \[[@B40-plants-09-00596]\]. Decreased MDA content suggested that the product of the exogenous *TaP5CR* gene has a role in a protective antioxidation system and functions to reduce oxidative damage to the transgenic *A. thaliana* plants. Therefore, we can hypothesize that *P5CR* gene may play a crucial role in enhancing root growth and water-stress tolerance, as well as reducing oxidative damage in the Colotana genotype.

LEA proteins contribute in tolerance to drought, high-salinity, and cold stresses in different organisms. Transgenic rice seedlings overexpressing the *OsLEA3-2* gene showed stronger root growth performance under water stress relative to the control \[[@B41-plants-09-00596]\]. It has been reported that LEA proteins are associated with protective functions, specifically in dehydrated tissues, where they are considered to act as chaperones, protecting other proteins from aggregation or desiccation \[[@B42-plants-09-00596]\]. Therefore, we can hypothesize that this group of proteins may underlie an adaptation strategy to osmotic stress in Colotana roots.

These results enhance our understanding of transcriptomic response of wheat roots to water-stress conditions and provide candidate genes for wheat breeding programs.

3.2. Effects of SNPs on Water Stress Response {#sec3dot2-plants-09-00596}
---------------------------------------------

SNPs are the most abundant form of polymorphism in DNA sequences and are useful in genetic studies \[[@B43-plants-09-00596]\]. Application of transcriptome sequencing has become a cost-effective method for the detection of SNPs with high accuracy. Functional genes can be sequenced at high coverage and the SNPs in coding genes can be detected \[[@B44-plants-09-00596],[@B45-plants-09-00596]\]. A nonsynonymous or missense variant can cause an amino acid change in a protein and a drastic phenotypic effect \[[@B46-plants-09-00596]\]. We identified one DEG encoding NAC TF with a missense variant in the Colotana genotype ([Supplementary Table S7](#app1-plants-09-00596){ref-type="app"}). It is also possible that the SNP detected in NAC TF in our study may affect the drastic root length growth under water stress between the two genotypes. Furthermore, the detected SNPs and Indels in the transcriptome profile between the two genotypes could enable us to develop molecular markers for crop breeding studies.

3.3. Association of Differential Expression of Homoeologous Genes with Abiotic Stress Acclimation {#sec3dot3-plants-09-00596}
-------------------------------------------------------------------------------------------------

Polyploidy often leads to changes in gene expression \[[@B47-plants-09-00596]\]. A fraction of expressed homoeologs in allopolyploids are likely to respond differently when subjected to stresses. For example, in allotetraploid cotton (*G. hirsutum*), it was reported that 23 out of 30 examined genes exhibited variation in the contribution of homoeologous genes to heat, cold, drought, high-salinity, and water-submersion stresses, possibly due to epigenetic modification or regulatory region variation \[[@B22-plants-09-00596]\]. Consistently, in our study, five examined triads showed variation in the contribution of homoeologous genes to water, high-salinity, heat, and cold stresses in the two genotypes. Hexaploid bread wheat has been reported to show improved tolerance to stress conditions compared to its tetraploid wheat progenitor (*Triticum turgidum* L.) \[[@B48-plants-09-00596]\]. Therefore, we can hypothesize that expression divergence of the three homoeologous genes might enable wheat plants to better cope with various stresses in the natural environment.

In summary, the present study reported transcriptional regulation of water-stress-induced root growth in wheat at the seedling stage. Colotana roots showed better adaptation to water stress by upregulation of genes for TFs, i.e., NAC, WRKY, MYB, bHLH, P5CR, and protective protein LEA, which are important for enhanced water-stress tolerance and root growth under stress. We also identified various SNPs and Indels between the transcriptome profiles of two genotypes, which may affect their drastic differences root growth under water stress. The detected DEGs and genes harboring variants could enable us to develop markers for crop breeding studies. Finally, the expression pattern of homoeologous genes under various abiotic stresses were evaluated in the two genotypes. The variation of homoeologous gene expression in response to environmental stresses may enable plants to better cope with stresses in their natural environments.

4. Materials and Methods {#sec4-plants-09-00596}
========================

4.1. Plant Growth and Treatment {#sec4dot1-plants-09-00596}
-------------------------------

The two test genotypes in this study, Colotana (AGG20118WHEA1) and Tincurrin (AGG20578WHEA1), were previously identified as water-stress-tolerant and -susceptible, respectively \[[@B20-plants-09-00596],[@B21-plants-09-00596]\]. Seeds of these genotypes were germinated and grown in a customized hydroponic system following Ayalew et al. \[[@B20-plants-09-00596]\]. In addition to water, high-salinity, heat, and cold stresses tolerance tests were separately conducted in parallel to test homoeologous variations in gene expression levels between genotypes. Seven day old seedlings were subjected to water (−0.82 MPa), high-salinity (200 mM NaCl), heat (40 °C), and cold stresses (4 °C) for 6 h and 72 h, separately. Each treatment set-up was supplied with half-strength Hoagland's solution. The control condition (con) was grown in half-strength Hoagland's solution. The pH of the solution was adjusted to 5.5--5.7 with relative humidity 65--70% and day/night temperature 25/22 °C under 14/10 h day/night photoperiod. Fresh root samples were collected after 6 h and 72 h of stress treatments and immediately frozen in the liquid nitrogen and stored at −80 °C for further use.

4.2. RNA Isolation, Library Preparation, and RNA Sequencing {#sec4dot2-plants-09-00596}
-----------------------------------------------------------

Total RNA was extracted from root tissues (12 in total, two genotypes (Colotana and Tincurrin) × two treatments (PEG-induced water stress and control) × three biological replicates) using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Construction of 12 cDNA libraries (two genotypes, two treatments, and three replicates) from total RNA using a TruSeq RNA sample preparation kit (Illumina Inc., San Diego, CA, USA) was performed according to the manufacturer's protocol and they were sequenced with an Illumina platform in Novogene Bioinformatics Technology Co. Ltd., Beijing, China to generate 150 bp paired-end reads.

4.3. Quality Control, Mapping of RNA-Seq Reads, and Variant Calling {#sec4dot3-plants-09-00596}
-------------------------------------------------------------------

The quality of raw sequencing data was assessed using FastQC v0.10.1 (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Clean reads were obtained by removing low-quality bases from both the 5′ and 3′ ends of paired-end reads with the settings minimum read length \> 70, sliding window = 25 bp, and average quality \> 25 in Trimmomatic v0.32 \[[@B49-plants-09-00596]\]. The wheat genome assembly (Chinese Spring RefSeqv1.0) was downloaded from the International Wheat Genome Sequencing Consortium (IWGSC) \[[@B50-plants-09-00596]\]. The construction of an index for the reference genome was performed using Bowtie2 v2.3.4.1, and paired-end clean reads were aligned to the reference genome using TopHat v2.1.1 followed by sorting the alignments by SAMTools v1.8 \[[@B51-plants-09-00596],[@B52-plants-09-00596]\]. Due to contrasting difference between the two genotypes and to increase the alignment rate, the number of allowed mismatches were determined to be three, using the command "-N 3" in TopHat v2.1.1. The multi-hits were prohibited in our analysis using the command "-g 1". The obtained reads were deposited in the National Center for Biotechnology Information (NCBI) under the BioProject ID PRJNA594809 with the Sequence Read Archive (SRA) submission ID SUB6661743. SAMTools mpileup function, and BCFTools variant caller, with a minimum Phred quality of 20 and a maximum read depth of 100 default parameters, were used to filter the variants \[[@B51-plants-09-00596]\]. The resulting VCF file was filtered by removing heterozygous variants using a custom perl-script. SnpEff software was used to identify changes in amino acid function resulting from nucleotide substitutions \[[@B53-plants-09-00596],[@B54-plants-09-00596]\].

4.4. Detection of DEGs, and GO and KEGG Pathway Enrichment Analysis {#sec4dot4-plants-09-00596}
-------------------------------------------------------------------

The number of reads mapped to each gene was counted using HTSeq-counts v0.9.1 \[[@B55-plants-09-00596]\]. The DESeq2 R package v3.7 was used to estimate DEG analysis, and genes with an adjusted *p*-value (padj) \< 0.05 and expression level (\|log2 fold change\| ≥ 2) were considered DEGs for further analyses \[[@B56-plants-09-00596]\].

We selected the best hits based on a BLASTP search against NCBI Nr protein database and an E-value 1E-08 cut-off, and, by using IWGSC functional annotation (iwgsc refseqv1.0 Functional Annotation v1 HC genes v1.0) file, we assigned description, GO, and Pfam IDs for each gene. GO enrichment analysis for up- and downregulated DEGs in the biological process category was implemented using the BiNGO tool with hypergeometric test and Benjamini and Hochberg false discovery rate (FDR) to obtain an adjusted *p*-value (\<0.05) cut-off \[[@B57-plants-09-00596]\]. The KOBAS software was used to perform KEGG pathway enrichment analysis according to *O. sativa* database with adjusted *p*-value \< 0.05 cut-off \[[@B58-plants-09-00596]\].

4.5. Validation of RNA-Seq Data by qRT-PCR and Chromosome Location of Homoeologous Genes {#sec4dot5-plants-09-00596}
----------------------------------------------------------------------------------------

The first-strand cDNA was synthesized using the Transcriptor First Strand cDNA synthesis kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. The CFX96 Real-Time system (Bio-Rad, USA) and THUNDERBIRD SYBR qPCR Mix kit (TOYOBO, Japan) were used for qRT-PCR, with primer sets shown in [Supplementary Table S4](#app1-plants-09-00596){ref-type="app"}. The wheat Actin gene was used as an internal reference.

To evaluate the expression patterns of homoeologous genes, we used the high-confidence (HC) wheat homoeologous gene set prepared by Ramírez-González et al. \[[@B59-plants-09-00596]\] ([Supplementary Table S8A,B](#app1-plants-09-00596){ref-type="app"}). The nullisomic--tetrasomic lines were used to confirm the homoeolog-specificity of the designed primers \[[@B60-plants-09-00596]\], using PCR amplification and 2% agarose gel stained with ethidium bromide.

We sincerely appreciate Takao Komatsuda from the Plant Genome Research Unit, Institute of Crop Science and Takeshi Ito from the Bioinformatics Team, Advanced Analysis Center of NARO for their assistance in this study. The seeds were kindly provided by the Australian Grains Genebank (AGG).

The following are available online at <https://www.mdpi.com/2223-7747/9/5/596/s1>, Figure S1A: Pearson's correlation coefficients and PCA plot analyses among biological replicates, Figure S1B: The expression profile of five triads detected via RNA-seq technique under water stress in Colotana.PEG vs. Colotana.con and Tincurrin.PEG vs. Tincurrin.con comparisons, Figure S2: qRT-PCR analysis of three index genes for high-salinity, heat, and cold stresses after a 6 h treatment in Colotana and Tincurrin, Table S1: Mapping of RNA-seq reads obtained from root samples into the reference Chinese_Spring_v1.0_pseudomolecules_parts. fasta genome sequence, Table S2: List of DEGs between Colotana.PEG and Colotana.con, Table S3: List of DEGs between Tincurrin.PEG and Tincurrin.con, Table S4: Designed PCR primers for qRT-PCR analysis, Table S5: Significantly enriched GO terms for up- and downregulated DEGs in Colotana and Tincurrin, Table S6: Significantly enriched KEGG pathways for up- and downregulated DEGs in Colotana and Tincurrin, Table S7: Complete list of identified variants between Colotana and Tincurrin, Table S8A: Homoeologous genes up/ down regulated between Colotana.PEG vs. Colotana.con., Table S8B: Homoeologous genes up/down regulated between Tincurrin.PEG vs. Tincurrin.con.

###### 

Click here for additional data file.
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![Venn diagram analysis of up- and downregulated genes (**A**) PEG-induced water-stress condition (Colotana.PEG) vs. Colotana under the control condition (Colotana.con) upregulated relative to PEG-induced water-stress condition (Tincurrin.PEG) vs. Tincurrin under control condition (Tincurrin.con) upregulated; (**B**) Colotana.PEG vs. Colotana.con downregulated relative to Tincurrin.PEG vs. Tincurrin.con downregulated.](plants-09-00596-g001){#plants-09-00596-f001}

![qRT-PCR validation of up- and downregulated DEGs in Colotana and Tincurrin. RNA-seq results (left) and qRT-PCR results (right) for six genes. Values are means ± SD of three biological replicates in qRT-PCR. The expression levels of each gene are expressed as relative to the mean value of the control samples. Student's t-test was used to assess the significance of differences from control samples, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001.](plants-09-00596-g002){#plants-09-00596-f002}

![Classification of the differentially expressed genes in the A, B, and D subgenome after water stress in Colotana and Tincurrin genotypes. Venn diagram analysis showed relationship of the up- and downregulated homoeologous genes between the two genotypes.](plants-09-00596-g003){#plants-09-00596-f003}

![Difference of gene expression patterns of homoeologous genes under water stress in Colotana and Tincurrin genotypes. The relative expression of Triads 38,844, 11,324, 36,947, 18,955, and 38,635 in two genotypes is shown. The x-axis shows homoeologous genes and the y-axis shows relative expression. Each bar shows the relative expression in roots of Colotana (black) and Tincurrin (white) at 6 h.](plants-09-00596-g004){#plants-09-00596-f004}

![Comparison of differentially expressed A, B, and D homoeologous genes under abiotic stresses. Validation of expression divergence of homoeologous genes using qRT-PCR. PCR validation of qRT-PCR confirmed homoeologous genes using homoeolog-specific primers. The results of PCR experiments further confirmed the localization of homoeologous genes in their corresponding subgenomes. Student's t-test was used to assess the significance of differences from control samples, \* *p* \< 0.05, \*\* *p* \< 0.01. Each experiment was performed using Colotana and Tincurrin with three biological replicates. Chinese Spring (CS) was used as positive control, all reagents without template DNA as negative control (NTC). PEG-induced water stress: P; high-salinity stress: S; heat stress: H; cold stress: C; no data: ND; and no amplification: NA.](plants-09-00596-g005){#plants-09-00596-f005}
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###### 

Summary of variant calling between Colotana and Tincurrin.

  Variant Category                                                                           Effect (Sequence Ontology)   Impact     Colotana   Tincurrin   All
  ------------------------------------------------------------------------------------------ ---------------------------- ---------- ---------- ----------- --------
  SNPs                                                                                       Missense_variant             Moderate   9942       4520        14,462
  Missense_variant and splice_region_variant                                                 Moderate                     177        65         242         
  Stop_gained                                                                                High                         96         71         167         
  Splice_acceptor_variant and intron_variant                                                 High                         25         35         60          
  Splice_donor_variant and intron_variant                                                    High                         11         48         59          
  Stop_lost and splice_region_variant                                                        High                         18         17         35          
  Start_lost                                                                                 High                         6          6          12          
  Stop_lost                                                                                  High                         3          4          7           
  Splice_acceptor_variant and splice_donor_variant and intron_variant                        High                         3          0          3           
  Indels                                                                                     Frameshift_variant           High       95         33          128
  Frameshift_variant and splice_region_variant                                               High                         6          16         22          
  Stop_gained and splice_region_variant                                                      High                         1          3          4           
  Frameshift_variant and stop_lost and splice_region_variant                                 High                         1          1          2           
  Frameshift_variant and splice_donor_variant and splice_region_variant and intron_variant   High                         0          2          2           
  Frameshift_variant and start_lost                                                          High                         1          0          1           
  Frameshift_variant and stop_gained and splice_region_variant                               High                         1          0          1           
                                                                                             Total variant sites          \-         10,386     4821        15,207
